Muscle contractile force is thought to be generated by ATP-induced conformational changes in myosin crossbridges. In the present study, we investigated the response to ATP binding of force-bearing, attached crossbridges. For this investigation, skinned fibers, in which myosin heads were in part covalently crosslinked to thin filaments with a zero-length crosslinker, were prepared. Caged ATP [the P3-1-(2-nitro)phenylethyl ester of ATP] was then pulse-photolyzed in these crosslinked fibers, which retained ATP-induced "rigor" tension, and then the subsequent tension changes were followed at 14-16°C and ionic strengths of 0.1-2 M. A rapid tension decrease was observed after the photolysis in the partially crosslinked fibers. The rate of the decrease was not any different from that in the uncrosslinked fibers compared at ionic strength of 0.2 M. This and other results thus indicate a kinetic similarity in the crosslinked and uncrosslinked crossbridges in response to ATP binding. These findings also suggest that ATP-induced structural changes take place in the attached crossbridges at a rate similar to that of the ATP-induced dissociation of crossbridges from thin filaments.
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Muscle contraction results from the cyclic interaction of myosin in thick filaments with actin in thin filaments. The interaction is coupled with actin-activated ATP hydrolysis by myosin heads, in which hydrolysis provides the energy of contraction (1-3). It is generally assumed that the structural changes which occur in the myosin heads while they are attached to actin generate the contractile force (1-3). Although this notion of force generation is widely held, the evidence for it remains scarce. It is difficult to obtain information about the attached crossbridges during contraction, because the interaction cycles involve attachment and detachment between the myosin heads and actin, and because the cycles occur asynchronously (4-6).
To overcome the "attachment/detachment" problem, Mornet et al. (7) covalently crosslinked myosin subfragment 1 (Si) to actin by using a zero-length crosslinker, 1-ethyl-3-[3-(dimethylamino) propyl]carbodiimide (EDC). The crosslinked acto-Sl complex hydrolyzed ATP at a rate comparable to the maximal rate of actin-activated ATP hydrolysis by Si (Vmx) (7) (8) (9) . This crosslinking prevents a dissociation of Si from actin and should allow us to study the structural changes in the attached Si. Studies with EDC-crosslinked Sl-actin complexes indicated ATP-induced structural changes in the attached Si (10-12).
Tawada and Kimura (13) applied EDC crosslinking to skinned muscle fibers in rigor and showed that the partially crosslinked fibers did not dissociate in a high-salt solution (0.5 M KCl) because the myosin thick filaments were stabilized by the inter-rod crosslinking. Tawada et al. (14) observed a large and reversible change in the force development upon transferring the partially crosslinked fibers from a relaxing to a rigor
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. solution in 0.5 M KCl. They also showed that the rigor force developed in 0.5 M KCl could be attributed to crossbridges that were crosslinked to actin, whereas crossbridges that were not crosslinked to actin attached to thin filaments upon ATP depletion without any concomitant force generation (14). It was further shown that partially crosslinked fibers performed a significant amount of "oscillatory work" in a similar fashion as that observed in insect flight muscles (15).
Trentham and his colleagues (16, 17) have applied photolysis of caged ATP [the 1-(2-nitro)phenylethyl ester of ATP] to probe the mechanism of contraction in muscle fibers. A kinetic analysis using this technique has reduced the "asynchrony" problem. In the present study, we applied caged ATP photolysis to EDC-crosslinked fibers. The purpose of this study was to discover the sequence of events in the attached crossbridges immediately after ATP binds to them. We show that ATP binding to crosslinked crossbridges is quickly followed by a rapid structural change which reduces the tension.
MATERIALS AND METHODS
A short segment was dissected from single fibers of glycerinated rabbit psoas muscle, and then each end of the segment was attached to a stainless-steel hook (18). After rigor was induced the fiber segments were bathed in rigor solution containing EDC (8 mM) and were crosslinked for 20-70 min at 25°C (13). In the fiber segments, 30-74% of myosin heads were crosslinked to actin as measured by comparing the longitudinal stiffness in the relaxing solution with that in the rigor solution at a high salt concentration (0.5 M) (13). The crosslinked fiber segments were prestretched taut and the rigor-like force was generated by the protocol of Tawada et al. (14) .
The compositions of solutions were as follows: relaxing solution was 20 mM Pipes/5 mM EGTA/2 mM MgCl2/10 mM ATP, except at an ionic strength of 0.1 and 2 M, where 5 mM MgCl2 and 5 mM ATP were present; rigor solution was 20 mM Pipes/5 mM EDTA; caged ATP solution for the photolysis trials was 50 mM Pipes/5 mM EGTA/5 mM MgCl2/10-20 mM dithiothreitol/10-20 mM creatine phosphate with creatine kinase at 0.5-1 mg/ml and caged ATP at 4-10 mM. The pH of all solutions was adjusted to 7.0; the ionic strength of the solutions was varied by changing the KCl concentration.
The mechanical setup was as described previously (18). The tension signals from the muscle fibers reported either a steady or a time-dependent force, with a small (<0.2% of fiber length) superimposed sinusoidal length oscillation component at either 0.5 or 1 kHz applied by a piezoelectric device. The sinusoidal force component was demodulated into the inphase and 900 out-of-phase (quadrature) components by a lock-in amplifier. From these two components, the in-phase stiffness and the quadrature stiffness were obtained. The in- Proc. NatL Acad Sci USA 92 (1995) phase sinusoidal component of the force is approximately proportional to the high-frequency stiffness of the muscle fiber (19). The UV light source for photolysis was a xenon flash lamp (18). The amount of liberated ATP was measured by Mono Q FPLC (Pharmacia) (18). Up to 2 mM ATP was liberated from the caged ATP, depending on the light intensity. The temperature was 14-16°C except where otherwise stated.
RESULTS
When a partially crosslinked and prestretched muscle fiber was transferred from a high-ionic-strength (0.5 M) relaxing solution to a high-ionic-strength rigor solution, the fiber developed a "rigor" force ( Fig. 1) (14) . The amplitude of the rigor force depended on the fraction of the myosin heads crosslinked to actin: the force (per cross-sectional area) of the fibers increased with the increasing fraction of the crosslinked heads, up to about 50%, and then decreased (14) . Upon transfer of the fiber to the rigor solution, the in-phase stiffness of the fiber measured by the 500-Hz sinusoidal length changes also increased, while the quadrature stiffness decreased slightly (Fig. 1 ).
After the rigor force development, we transferred the crosslinked fiber into a caged ATP solution at high ionic strength (0.5 M). This caused a slight (< 10%) decrease in both the force and the stiffness, as described earlier (17) for uncrosslinked fibers at an ionic strength of 0.2 M. Then, ATP was pulse-released in the fiber by photolysis of the caged ATP. Immediately after photolysis, both the force and the in-phase stiffness decreased, while the quadrature stiffness increased slightly (Fig. 1 ). Records showing the protocol for the tension transients induced by caged ATP photolysis in partially crosslinked muscle fibers at 0.5 M ionic strength. An EDC-crosslinked single fiber was first transferred from a relaxing solution to a rigor solution to develop rigor force and then-after repetitive changes of the rigor solution, which are shown by the artifacts on the records-transferred into a caged ATP photolysis solution. ATP (1.5 mM) was liberated on photolysis. Note that the chart speed was increased before the UV pulse. Forty percent of the myosin heads were crosslinked to actin. The frequency for stiffness measurement was 500 Hz. The bottom horizontal line in each pair of traces indicates the baseline. Biophysics: Emoto et aL u i I eventually decreased to nearly their levels in the relaxing solution (indicated by arrows in Fig. 2) . The general appearance of the force transients at a given ATP concentration was almost the same regardless of the degree of crosslinking in the range we studied. The general appearance of the force transients at a given ATP concentration was also similar to that of the in-phase stiffness transients.
The time for a 50% decrease in force and in-phase stiffness after photolysis (Fig. 2) (the half-time) was measured, and its reciprocal value was taken as the rate constant of the decrease. Fig. 3A demonstrates the dependence of the force decrease rate on the concentration of ATP produced by the pulse photolysis of caged ATP at 0.5 M ionic strength. The force decrease rate was larger when the liberated ATP concentration was higher, and the rate did not become saturated even at 2 mM ATP. This dependence was unaffected by the degree of crosslinking (shown by different symbols in Fig. 3A) . Fig. 3B demonstrates the ATP concentration dependence of the stiffness decrease rate. The rate of the stiffness decrease was also larger when the liberated ATP concentration was higher, and the rate did not become saturated even at 2 mM ATP. The rate was also unaffected by the degree of crosslinking (shown by different symbols in Fig. 3B ). Because there is a lag of a few milliseconds in the stiffness measurement (introduced by the analog filter in the lock-in amplifier), the half-time of the stiffness decrease is overestimated, and the reciprocal of the half-time (Fig. 3B) is underestimated, especially at high ATP concentrations. Therefore, the real difference between Fig. 3A and Fig. 3B is even smaller than shown. Fig. 4 shows the tension transients after pulse photolysis of caged ATP at different ionic strengths. The rigor force was first developed by transferring the crosslinked single fiber segments from a relaxing to a rigor solution at a high ionic strength (0.5 M). The fiber was then transferred into another rigor solution at a test ionic strength. The change in the ionic strength of the rigor solution slightly affected the force level. The force decreased when the ionic strength was lowered, and increased when the ionic strength was raised (note the difference in the force level before time zero between two traces in Fig. 4A) . The fibers were then transferred into a photolysis solution of test ionic strength, and ATP was released (time zero in Fig. 4A ). The force quickly decreased (Fig. 4A ). In the low ionic-strength range (0.1-0.2 M), the force decrease was followed by a redevelopment (Fig. 4A, stars) . The force redevelopment became smaller at higher ionic strength, and it was negligible at a very high test ionic strength (1 or 2 M). The low force redevelopment in the presence of such high concentrations of KC1 might be due to some specific effects of the C1-ions on the structure of proteins, in addition to the ionicstrength effects.
The ATP-induced force decrease in the partially crosslinked fibers at low ionic strengths (Fig. 4A , stars) appears to be faster than that at higher ionic strengths (Fig. 4A) . At low ionic strengths, however, it is difficult to define the half-time of force decrease because of the force redevelopment. We estimated the half-time of the force decrease by assuming that the force transients at lower ionic strengths include a quick force decrease to the relaxing level (because sufficient ATP is released) even when force redevelopment is superimposed. Fig.   4B shows the resulting ionic-strength dependence for the rate of the ATP-induced force decrease in partially crosslinked fibers. The force decrease rate is smaller at higher ionic strengths. This smaller rate is in part due to the slower ATP release from caged ATP upon photolysis at higher ionic strengths (20). DISCUSSION Skinned muscle fibers, in which myosin has been partially crosslinked to actin with EDC, develop rigor force when ATP is depleted even at high ionic strengths such as 0.5 M, and this force is reversibly lost when ATP is reintroduced into the solution (14). The main observations in the present study are that (i) the rigor force and the in-phase stiffness in partially crosslinked fibers decrease rapidly upon photolysis of caged ATP and (ii) at a given concentration of released ATP, the rate of the force decrease and that of the in-phase stiffness are more or less similar to each other (Figs. 2 and 3 ).
Varying the extent of the crosslinking did not affect the rate of the force or the in-phase stiffness decrease (Fig. 3) . Moreover, based on our experience, the rate of force decrease at 0.2 M in the partially crosslinked fibers was comparable to that of the uncrosslinked fibers (data not shown). From these observations we conclude that there are no appreciable side effects of the chemical crosslinking on the crossbridges in fibers.
It has been suggested that when partially crosslinked fibers are transferred from a relaxing solution to a rigor solution at a high ionic strength (0.5 M), the crosslinked crossbridges in the fibers develop force whereas the uncrosslinked crossbridges in the fibers simply bind to actin without any concomitant force development (13, 14) . This suggestion is based on the following two biochemical observations. One is that Siactin and heavy meromyosin-actin complexes crosslinked by EDC retain a super active ATPase activity even at high ionic strengths such as 0.5 M KCl (9) or 1 M KCI (Y. Huang and KIT., unpublished work). The other is that uncrosslinked Sl or heavy meromyosin retains the ability of binding to and dissociating from actin in the absence or the presence of ATP, but neither has any actin-activated ATPase activity at such high KCI concentrations (8, 9) . Further evidence for the force generation by crosslinked crossbridges in partially crosslinked fibers at 0.5 M KCl is provided by a bell-shaped relationship found between the rigor force development upon ATP depletion and the fraction of the crosslinked myosin heads (14), because a similar relationship has also been found, in partially crosslinked heavy meromyosin-actin complexes at 0.5 M KCl, Proc. Natl. Acad. Sci USA 92 (1995) between the actin-activated ATPase activity and the fraction of the crosslinked myosin heads (9). The bell-shaped relationship is not caused by any side effect of the crosslinking, because in actin-Sl complexes the actin-activated ATPase activity increases linearly with the increase in the fraction of the crosslinked SI at 0.5 M KCl (9). The ATP depletion (as a result of ATP hydrolysis) from the active site of a crosslinked myosin head may allow the formation of strong hydrophobic bonds at the interface between the crosslinked myosin head and actin, and this bond formation may lead to a geometric rearrangement of the protein complex, thus causing the rigor force generation by the crosslinked crossbridges. Consistent with this idea is the fact that a sinusoidal analysis of EDC-crosslinked single fibers has shown that myosin heads crosslinked to actin can perform oscillatory work by using the energy from hydrolysis of ATP at high ionic strength (0.5 M) (15).
At high ionic strengths, we may thus assume that the rapid decrease of the rigor force upon photolysis of caged ATP corresponds to a conformational change in crosslinked crossbridges as they pass from a force-retaining state to a nonforce-retaining state. In other words, the force is a property of crosslinked crossbridges. We may also assume that the stiffness changes indicate the attachment/detachment of uncrosslinked crossbridges (13), because the stiffness of crosslinked crossbridges remains the same regardless of the condition.
After a rapid increase in ATP concentration, the rates of the decrease of force and that of in-phase stiffness were comparable at an ionic strength of 0.5 M (Figs. 2 and 3 ). Since the force is a property of crosslinked crossbridges, and the stiffness is a property of uncrosslinked crossbridges (13), this finding suggests that the kinetic properties concerned are similar between the crosslinked and the uncrosslinked crossbridges at 0.5 M ionic strength.
The rate of force decrease in partially crosslinked fibers after a rapid increase in ATP concentration at 0.2 M ionic strength was comparable to that of the uncrosslinked fibers as described above. We infer from this observation that the kinetic properties of the crosslinked crossbridges are similar to those of the uncrosslinked crossbridges at 0.2 M ionic strength as well. It should be noted that, at physiological ionic strengths (0.1-0.2 M), the uncrosslinked crossbridges in partially crosslinked fibers can produce force in a relaxing solution (14) because thin filaments are somewhat activated by covalently crosslinked crossbridges (13, 21) . Consistent with this hypothesis is the force redevelopment observed after a rapid force decrease in the absence of Ca2+ (Fig. 4A, stars) .
